Phosphorus (P) and potassium (K) levels in southern Brazilian (Rio Grande do Sul, RS) soils are largely below the critical concentrations more than four decades after implementation of the officially recommended system. This study aims to evaluate the increase in P and K levels in 0 -10 and 0 -20 cm deep samples from no-till soils using the Mehlich-1 (M1) and Mehlich-3 (M3) extractants as well as resin methods and to estimate the amount of P 2 O 5 and K 2 O fertilizers necessary to increase the P and K soil levels by 1 mg·kg −1
INTRODUCTION
Soybean, wheat and maize are the most commonly grown crops in the oxidized soil with low fertility of Rio Grande do Sul (RS), Brazil; their cultivation occupies an area of approximately 5 million hectares, and this amount of cultivated land has not changed greatly over the years [1] . Agricultural expansion in RS has been mainly due to the utilization of amendments and fertilizers during the 1950s and 1960s; however, the conventional soil cultivation system that has been completely replaced by no-till farming methods since the 1990s.
The average yields for crops grown in RS are lower than the average yields in some other Brazilian regions and other countries; in 2009/10, the soybean, wheat, and maize yields were 2570, 2100, and 4860 kg·ha −1 , respectively [1] . These yields are partially due to low soil fertility [2] [3] [4] [5] . However, when the supply of nutrients and other production factors are sufficient during the crop growth cycle, these yields are higher, reaching up to 3000, 3000, and 10,000 kg·ha −1 for soybeans, wheat, and maize, respectively [6] [7] [8] .
In the most recent soil fertility survey performed by [5] , after more than four decades of agricultural expansion and the use of amendments and fertilizers in RS, approximately 80% and 40% of the soil analyses conducted between 1998 and 2000 showed P and K levels below the minimum required for satisfactory yields, respectively. Thus, 424,000 tons of potassium in the form of K 2 O and 299 tons of phosphate fertilizers in the form of P 2 O 5 were needed annually [5] , representing large investments in the industrial, transport, and agriculture sectors. Fertilizer costs are approximately 20% of thecal level [10] .
Among the possible reasons for the low productivity and low fertility of RS soil, even after four decades of following fertilizer recommendations, are the high cost of fertilizers and the high demand for P in weathered soils (especially oxisols). The amount of P currently applied is below the level required to maximize soil production potential [6] . This deficiency has occurred because the fertilizer recommendations were based on calibration field studies performed in the 1960s and 1970s when conventional tillage were used; few P and K calibration studies have been conducted using no-till systems. Currently, crops have a greater genetic production potential and are cultivated using no-till systems and other new techniques that may require higher fertilizer doses.
The recommended doses of P 2 O 5 and K 2 O fertilizers to correct the fertility of the soil in the state of Rio Grande do Sul are 120, 60, and 30 kg·ha −1 to increase the fertility of soil with very low, low, and average levels to the critical nutrient level, respectively [11] . In addition, the clay level is used to determine the critical level of P in the soil. If the soil has a clay level higher than 600 g·kg −1 , the critical level for P extracted using the Mehlich-1 (M1) method is 6.0 mg·kg −1 and the P levels used are the following: very low (0 -2.0 mg·kg . The same reasoning can be used to estimate the quantity of P 2 O 5 needed to increase the soil P levels by 1 mg·kg −1 in other clay level classes, such as those with 400 -600, 200 -400, or <200 g·kg −1 , where the P critical levels determined by the M1 method are 9, 12, and 21 mg·kg −1 , respectively. The fertilization recommendations to correct the soil fertility in the Brazilian savannah (Cerrado biome), where oxisols similar to RS soils predominate, are much higher than those for the RS: 280, 140, and 70 kg·ha −1 for very low, low, and average fertility levels, respectively [12] . The authors state that the amount of P 2 O 5 necessary to elevate the soil P level by 1 mg·kg −1 is approximately 50 kg·ha
, much higher than that in RS, but the recommendations for savannahs are based on the clay level. The P and K fertilization recommendations to correct fertility for both the savannah biome and RS can be performed in a single application or with higher than standard doses over the course of 2 -3 years. The needed fertilization doses for soybeans and maize in the savannah biome are also higher than the doses recommended for RS.
The cultivation systems used in RS have significantly changed over the years. The following alterations are underscored: most of the fields are cultivated using a no-till system, which has a nutrient availability dynamic different from those using the conventional system; in a no-till system, the soil sample depth is measured in the layer with the highest nutrient concentration levels (0 -10 cm); the average yield of the major crops has increased over time, with a consequent increase of nutrient usage; and finally, the current M1 soil analysis method is not appropriate for measuring P in soils that receive natural phosphates when efficient, inexpensive, and practical alternative methods are available. The aims of this study were to measure the P and K levels as extracted by the M1, Mehlich-3 (M3) and resin methods in soil samples from the 0 -10 and 0 -20 cm deep layers of soil cultivated using a no-till system and to estimate the P 2 O 5 and K 2 O doses necessary to elevate the P and K levels in the soil by 1 mg·kg 
MATERIALS AND METHODS
The experiments used in this study were conducted by several educational, research, and co-op institutions in RS, Brazil (Figure 1) , and in some soil types that are representative of the major agricultural areas for soybeans, wheat, and maize in the state.
The experiments included different cultivation periods, growth times, experimental designs, treatments, and institutional goals. In the experiments selected, soil samples were obtained from treatments with increasing doses of P and K cultivated under a no-till system. Table 1 shows the applied doses of P 2 O 5 and K 2 O, institutions conducting the experiments, locations, soils, crop years, soil sampling, experimental design, and crop types. More details on the experiments can be found in [6] and in [8] . The soil samples from each plot contained a minimum of four subsamples and soils were sampled using a shovel from layers 0 -10 and 0 -20 cm deep over an area 10/5 cm wide/thick. The soil samples from the 0 -20 cm layer were taken because this layer was the standard for the conventional cultivation system (soil layer that was moved to add the fertilizer) and during the no-till implementation period.
Use samples from 0 -10 cm soil layer is recommended for areas that have been under no-till for more than five years [11] for several reasons: (1) there is likely only a superficial concentration of P and K levels; (2) fertilizer is applied to this layer; and (3) most of the plants roots develop in and absorb nutrients from this layer. In addition, studies have demonstrated that the fertility in this layer is highly correlated with nutrient absorption in plants and with grain yield [13] . For the experiments conducted in Bagé municipality, the plots were 8 m 2 and were later divided into two plots of 4 m 2 . The other experiments had a minimum plot of 28.8 m 2 . The soil samples were dried at 40˚C -45˚C in a forced-air circulation oven, ground in a hammer mill and sieved (2 mm). The P and K concentrations in the soil samples were measured using the M1 and resin methods according to the procedures described in [14] and by the M3 method according to the procedures described in [15] . All of the laboratory protocols were performed in duplicate, and the average of the two results is shown.
The regression analyses for the P 2 O 5 and K 2 O doses applied to the soil and the soil P and K levels were calculated using the SIGMAPLOT and SIGMASTAT software through the first and second-degree polynomial equations that provided the best fit of the data. In the regression analyses of experiments where several crops were grown with a single fertilizer application, the same doses were used for all samples. For the experiments that had more than one application of fertilizer, the sum of the applied doses was applied until the soil sample was collected. The estimate for the amount of P 2 O 5 needed to increase the soil P content by 1 mg·kg −1 was obtained for each function by dividing by 1 the values of the coefficient "b" of the functions of the increases in P level in the soil according to the doses of P 2 O 5 . The estimate of the amount of K 2 O needed to increase the K levels in the soil by 1 mg·kg −1 was obtained the same way, but using the data from experiments with potassium fertilization.
RESULTS AND DISCUSSION

Phosphorus and Potassium Extracted in Soils
The P (Tables 2 and 3) and K ( Table 4 ) levels estimated by the polynomial functions (coefficient "b") and extracted by the M1, M3, and resin methods had increased values in all of the assessments as P 2 O 5 and K 2 O, respectively, were added. The vast majority of these increases were statistically significant. This result was expected and was independent of the soil type, sample depth, phosphorus source, and P and K extraction methods. Second-degree (quadratic) polynomial functions had more occurrences than first-degree (linear) functions for P and K (Tables 2 and 4 ). The equations with the highest coefficients of determination (r2) were selected. Linear equations predominated in experiments with natural phosphate doses ( Table 3) . [16] , in a P calibration study performed on soils in Paraguay, only used linear equations to estimate the P level increase when they added doses of soluble P 2 O 5 .
The average P levels extracted by M1 from parcels that did not receive phosphate fertilizer and estimated by the polynomial functions (coefficient "a" of the functions) were always lower than the levels estimated by the M3 and resin methods (Tables 2 and 3). [6] and [7] also found that lower levels of P were extracted by M1 compared to M3 and resin in soils from RS. The lower P extraction using M1 and the higher extraction by the M3 and resin methods is linked to the extraction principles.
The M1 method extracts less phosphorus in clay soils than in sandy soils [17] due, in part, to a partial neutralization of the extraction buffer and a readsorption of solubilized phosphorus [18, 19] . However, when natural phosphate is used, soil phosphate determination is uncertain, as the M1 method extracts more phosphorus than what is really available to the plants, overestimating its level and underestimating the amount of fertilizer that should be used on the crops [15, 20, 21] . In addition, the M1 method can also be less accurate, partially due to the limitations of the method, facilities, personnel, equipment, and temperature changes during extraction.
The resin method is recommended for measuring P levels in the soils of RS and Santa Catarina (SC) states [11] . This method extracts P from the soil solution, and, therefore, more phosphorus ions from the solid phase go into the soil solution to maintain the chemical equilibrium, partially simulating the nutrient supply to the plants. Thus, soils with more P buffer have a higher extraction level than indicated by the M1 method [17] .
The M3 method contains dilute and buffered weak acids that preferentially dissolve phosphorus bound to aluminum, iron, and, to a lesser extent, calcium. Therefore, this method does not overestimate the amount of phosphorus available to the plants when natural phosphate fertilizers are used [15] . The method is also fast, easy to perform and economical because it simultaneously extracts macronutrients (P, K, Ca, Mg, and Na) and micronutrients (Fe, Cu, Zn, and Mn). Therefore, it is efficient for routine lab use [22] and for use on the soils found in southern Brazil [7] .
Increase of Phosphorus and Potassium in Soils
The coefficients of determination (r 2 ) of the polynomial functions were significant for most of the functions that explain the increase in P (Tables 2 and 3 ) and K (Table 4) levels when P 2 O 5 and K 2 O, respectively, were added to the soil. The average coefficients of determination for the P levels measured using the M1, M3, and resin methods were always higher in the 0 -10 cm deep layer soil samples ( Table 2 ) compared to the 0 -20 cm deep samples ( Table 2 ). The average coefficients of determination were also always higher in the 0 -10 cm deep samples in which the soil had been fertilized with natural phosphates ( The average coefficients of determination that estimate the increase in K levels as increasing doses of K 2 O were added to the soil were higher in the 0 -10 cm deep than in the 0 -20 cm deep samples (Table 4) when K was extracted using the M3 and resin methods. However, when K was extracted by M1, the highest average coefficients of determination were in the 0 -20 cm deep samples. This pattern was expected because the same dose of potassium fertilizer, which is less reactive and more mobile in the soil, is twice as diluted in the 0 -20 cm samples as in the 0 -10 cm samples. In addition, a large part of the K absorbed by the plants remains in the plant residues and returns to the soil after cultivation, as shown by [23] in several cover crops grown using a no-till sys-tem. The authors showed that, independent of the species grown, approximately 75% of the accumulated K returns to the soil 30 days after harvest. This behavior favors K accumulation in the superficial soil layers. [24] found K levels 30% higher in the 0 -10 cm layer than in the 0 -20 cm layer in long-term crop studies using a no-till system.
Fertilization with Phosphorus and Potassium to Increase Their Concentration in Soils
The average amounts of P 2 O 5 needed to increase the P levels in the soil by 1 mg·kg −1 were much higher than the average amounts of K 2 O needed to increase K levels in the soil by 1 mg·kg
, independent of the sample depth and the P and K extraction method ( Table 5 ). The average amount of P 2 O 5 required to increase the P level by 1 mg·kg −1 when soluble phosphate sources were used was always higher in the 0 -20 cm deep layer compared to the 0 -10 cm deep layer, independent of the extraction method. The same quantity of P is diluted in a larger volume of soil in the 0 -20 cm layer, increasing the probability of P absorption by iron (Fe) and aluminum (Al) oxides, compared with the 0 -10 cm layer.
The average amount of P 2 O 5 required to increase the P levels by 1 mg·kg −1 when sources of natural phosphates were used was lower when P was extracted by M1 than when P was extracted by M3 and resin. M1 is an acidic extraction buffer that, when it reacts with natural phosphate (basic reaction), extracts a large portion of the phosphorus that is not available in natural soil conditions; this leads to an overestimation of P availability to the plants [20, 21] . When P was extracted by the M3 and resin methods, the average amount of P 2 O 5 applied in the form of natural phosphate needed to increase P levels in the soil by 1 mg·kg −1 was higher than the average amount of soluble phosphate sources needed to increase P levels in the soil by 1 mg·kg −1 in the 0 -10 cm deep layer soil samples. This greater necessity of P 2 O 5 from natural phosphates is likely due to their lower solubility in the soil and because the M3 and resin extractors do not overestimate P extraction, as M1 does [15, 20, 21] . To increase P by 1 mg·kg
, as measured by M1, 39.9 and 38.1 kg·ha −1 of P 2 O 5 were required in the 0 -20 and 0 -10 layers, respectively ( Table 5 ). These amounts were higher than the 24, 20, and 30 kg·ha −1 estimated in the fertilization guidelines for clay soils in RS in the very low, low, and average fertility ranges [11] , respectively, and lower than the 50 kg·ha −1 reported by [12] . [16] three soils with a history of limited fertilization, and the amounts of P 2 O 5 required to increase the P level extracted by M1 by 1 mg·kg −1 were 46.9, 31.9, and 27.0 kg·ha −1 P 2 O 5 , respectively. In this study, 31 soil samples from the 0 -10 cm deep layer were tested in 21 experiments ( Table 2) . [6] used the method proposed by [25] and also found that lower amounts of P 2 O 5 were required to increase the P levels in the soil by 1 mg·kg , as extracted by the M1, M3 and resin methods, was always higher in the 0 -10 cm layer than in the 0 -20 cm layer ( Table 5 ). This finding contrasted with the results found for P. The higher K requirements in the 0 -10 cm layer compared with the 0 -20 cm layer are likely due to the higher concentration of organic matter near the soil surface, which occurs in no-till cultivation systems. Organic matter in heavily weathered soils in tropical regions is responsible for 70 to 90% of the cation-exchange capacity (CEC) [26] .
There is a superficial concentration of some fertility traits, such as P, K [24] , Ca, and Mg concentrations [27, 28] as well as CEC and organic matter, in soils cultivated using no-till systems. Increases in organic matter increases the soil's CEC; thus, K may suffer from greater competition for the negative charges on the organic material and on the clay particle surfaces [11] , requiring a higher K 2 O dose to increase the extractable (exchangeable) soil K levels by 1 mg·kg 
Impact on Phosphorus and Potassium Recommendations to Crops
The crop fertilizer recommendations based on calibration studies from various recommendation programs rely on fertility levels that are, in turn, dependent on the clay levels in the soil. Clay levels influence the volumetric humidity of the soil and the diffusion of nutrients towards the root surface. In clay soils, the critical levels of P, measured by the M1 method in RS state, are lower than those in sandy soils [11] . The critical levels are 6, 9, 12, and 21 mg·kg −1 of P for soils with clay levels of >600, 600 -410, 400 -210, and <210 g·kg −1 of soil, respectively.
The critical level is lower in clay soils than in sandy soils because the nutrient supply available to the plants is higher in clay soils; in addition, P extraction by the M1 method is lower due to the decreased acidification power of the extraction buffer, thus decreasing phosphorus dissolution and resulting in readsorption and a lower final extraction. These characteristics are validated by strong correlations between the soil P extraction and crop yields [16, 17] .
The doses of P in the fertilization recommendation for RS are lower in sandy soils than clay soils because the losses to adsorption by iron and aluminum oxides are lower, improving the efficiency of the use of this nutrient [11] . Studies on the adsorption of P show that the adsorption is greater in soils with more clay (higher Fe and Al oxide concentrations) and lower in sandy soils. Thus, more P 2 O 5 should be needed to increase the soil P by 1 mg·kg −1 in clay soils than in sandy soils. [17] confirms that the amount of P 2 O 5 required to increase soil P levels, as extracted by M1 from the 0 -20 cm deep layer, by 1 mg·kg −1 is higher in clay soils than sandy soils. For soils with clay levels of >550, 550 -410, 400 -260, 250 -100, and <100 g·kg , respectively. When using the M3 method for measurement, significantly higher P 2 O 5 requirements for increasing soil P levels by 1 mg·kg −1 in soils with higher clay contents were found only for the 0 -10 cm deep soil layer fertilized with soluble phosphate and natural phosphate. When using the resin method for measurement, significantly higher P 2 O 5 requirements for increasing soil P levels by 1 mg·kg −1 in soils with higher clay contents were found only for the 0 -10 cm deep layer fertilized with natural phosphate (Table 6 ).
In the other experiments, there was only a tendency towards increased P requirements as the soil clay levels increased. These significant correlations concur with the buffering capacity reported by [6, 12, 17] , in which the soils with the most clay needed higher doses of P 2 O 5 to increase their P levels.
A slight negative trend was found in the P 2 O 5 quantity needed to increase soil P levels by 1 mg·kg −1 as the soil P level increased (Table 6 ). Based on the Langmuir (type L) isothermic adsorption model for P, it was expected that as P soil levels increase, there should be a decrease in the . When soil P levels are higher, one would expect that the majority of Fe and Al would have already adsorbed P, and, thus, new applications of P should result in less adsorption. The fertilization recommendation manuals for RS [11] and for the Brazilian savannah region [12] show this tendency towards decreasing P 2 O 5 doses needed to elevate P by 1 mg·kg . No significant correlations were found between the K 2 O doses necessary to elevate the K levels in the soil by 1 mg·kg −1 and clay levels or initial K levels, independent of the sample depths and the methods for measuring K ( Table 6 ). The same tendencies were found for K as for P: higher doses were needed as the clay levels increased, and lower doses were needed as the initial K levels increased.
The soils in RS vary widely in their mineral, chemical and physical features. They can be fertilized with products that have different reactivity levels, such as natural phosphates that solubilize when they contact the Mehlich-1 acidic solution, overestimating the availability of P to the plants [15, 20, 21] . Thus, the soil analysis methods can differentially estimate the nutrient quantities necessary for the plants and for increasing soil fertility. Choosing the soil analysis method that best fits the soil type and management applied is fundamental. In reality, plants absorb the soil nutrients, and various profile depths and measurement methods only attempt to correlate the measured levels with crop yield. When the nu-trients P and K occur at less than the critical levels, as measured by calibration at a particular depth, the data in Table 5 can be used to increase the levels of these nutrients to the desired values.
CONCLUSION
Phosphorus and potassium levels increased in the 0 -10 and 0 -20 cm deep soil layers, but the amount they increased depended on the phosphate fertilizer source added and on the P and K extraction method used. The amount of fertilization with P 2 O 5 , which needed to increase P levels by 1 mg·kg , was higher in the 0 -10 cm layer than in the 0 -20 cm deep layer. Highly weathered soils such as tropical soils cultivated under no-till might require more P and K amounts to obtain considerable crop yields.
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